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A. STATEMENT OF THE PROBLEM STUDIED.

The primary purpose of this project was to develop a Transilient Turbulence non-
local closure model of the wind and energy flux in tree canopies which would realistically
couple the roughness layer wind field with the wind field above the canopy.

B. SUMMARY OF MOST IMPORTANT RESULTS

A non-local closure numerical model based on the Transilient Turbulence Theory
(TTT) (Stull, 1984-1986) has been developed and verified in and above a homogeneous
tree canopy. The first-order, volumetrically averaged governing equations for
momentum, heat, and humidity were coupled dynamically with canopy processes such as
evapotranspiration and radiation within the canopy. The simulated profiles of
momentum, heat, and humidity were compared to measurements in a homogeneous
orchard during project WIND. The model provides evidence that nonlocal turbulence
closure by TTT is a consistent and efficient technique to parameterize the turbulent
transport near the ground in canopies as well as above, and can be incorporated into
numerical models. The Appendix of this report contains the documentation of the
model.

The project WIND data sets from the almond orchard were summarized into wind
direction and stability classes and utilized to verify the model.

The TTT approach to modeling canopy fluxes and coupling them to the PBL
turned out to be very sensitive to accurate specification of the surface boundary
conditions. Therefore an investigation into the accuracy of spatially averaging the surface
boundary conditions was conducted. The spatial resolution in surface parameterizations
for spatially distributed models was quantified using spatial autocorrelations. The
resulting error prediction model was used to quantify the statistical errors due averaging
different patch sizes and contrasts. Sensitivity of process models to these averaging
errors in boundary conditions was quantified using probable error vectors.

Overall these efforts have rigorously set the stage for future use of the non- local
turbulent transport approach and as an efficient and accurate method to model spatially
distributed canopy flow in three dimensions.
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A. Physical Configuration of the Model

The model is one dimensional and horizontally homogeneous with different vertical spacings and timesteps

in three regions. The first is called the roughness sublayer region which extends from the ground surface up
to four tree heights. In this region, the vertical spacing is Az = 1 m and the timestep is Af = 3.6 sec.
The second region extend from four to ten tree heights. The vertical spacing is Az =10 m, and the

timestep is Af = 36 sec. The combination of the first and second regions may be seen as the surface
layer.

From the ten tree heights up to the top of the planetary boundary layer (PBL: ~3 km), the vertical
spacing is Az = 100 m, and the timestep is Af = 360 sec.

The simulation area is divided into three regions because the distinguishing characteristics of these
layers are different in response to the thermodynamic forcings within the PBL. Within the roughness
sublayer, the turbulence is often characterized by high intensity and large skewness and kurtosis, which
indicates that the turbulence is non-Gaussian and intermittent. This is true in all sizes of canopies from tall
forests (Baldocchi and Hutchison, 1987; Baldocchi and Meyers, 1988) to short grass (Aylor et al., 1993).

Above the roughness sublayer, however, the turbulence can be properly described by the Gaussian
distribution as over a flat plain (Kaimal and Finnigan, 1994; Seginer et al., 1976).

The use of an intermediate region is due to both physical and numerical concerns. The surface layer,
which extends from the ground surface to about 100 m, is observed to be decoupled from the mixing layer
at night and only strong instability can break the surface inversion layer produced at night, requiring
special consideration in the model. Also in order to keep the numerical scheme smooth in terms of vertical
spacing and timestep, it is necessary to have this intermediate region to avoid jumping between two

extreme timesteps (3.6 sec and 360 sec).

Reference

Aylor, D. E., Wang, Y. Y., Miller, D. R.: 1993, ‘Intermittent wind close to the ground within a grass
canopy’, Bound.-Layer Meteorol. 66, 427-448.
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Seginer, 1., Mulhearn, P. J., Bradley, E. F., and Finnigan, J. J.: 1976, “Turbulent flow in a model plant
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Flowchart of the Model

Open inbut/output files | Initilization of (INIT)
P P p ' u,v,0v,q,Y,c,0¢c,Rn,RL,Rs,Rv,H,AE @

No
Yes Stop
Every Half an Hour
Output:
— Rn,RL,,Rs,Rv,H,?\.E

Increasing time-step u,v,0v,q.u'w', v'w' wo'v wg'
Jday = JdayO + INT(t_cur/24.0)
t_cur=t_cur + At/3600.0
ient=i_cnt+1

—

Upper Boundary Conditions
ofu, v, Ov, q

Calculations of vertical
fluxes: OW' VW' w'6'v,WqQ'
(FLUXES) Calculations of u, v, 6v, q
due to external forcings.
(FORCE_TMP,FORCE_HMDO

FORCE_VEL)
Calculations of u,v, 6v, q Calculating mixing potential and
due to turbulent mixings | transilient matrix
(TT_MIXING) (MIXING_POT, TranMTRX)

* This is the flowchart for the main (control) program of the model, which is named as CAN_MAIN. The
programs and symbols are explained in the following text.




Leaf Area Index and Leaf Area Density (LF)

Algorithm

The cumulative leaf area index (L: m* m™?) of a canopy is calculated using Weibull’s cumulative

distribution function following Yang et al. (1995),

(LE.1)

L(z) =LAIOx 41— exp{-— (1%/[{) C}

where LAI represents the leaf area index excluding stems, z is the height in meters above the ground, H is
the tree height in meters, and b and c are the two parameters specific to the canopy structures. The program
for Eq.(LF.1) is named as CUM_LAI(z).

Eq.(LF.1) may be properly used for the distribution of radiation. In consideration of the drag of the
canopy, stems and trunks should be also included, although they do not participate in the radiation budget.

By adding one linear term for the trunk, Eq.(LF.1) may be modified as

1-z/H\*

L(z) = LAIl x l—expli—(—b—) } +0.3-(1-z/H) (LF22)

where LAI1 is leaf area index including stems. The program is named as CUM_LAI0(z).

The leaf area density (a: m*> m™) is evaluated according to its definition

dL
a(z) = @) (LF.3)
dz
which yields, from the discretization of equation (LF.2),
L(z+Az/2)— L(z — Az/2
o Me+az/) - L= az)2) o

Az
where Az is the vertical spacing. The corresponding programs of leaf area density to Eqs.(LF.1) and (LF.2)
are named
LEAF_AREA_DENSITY(z)

and
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LEAF_AREA_DENSITY0(z),

respectively.

Reference

Yang, X., Miller, D. R., and Witcosky, J. J.: 1994, ‘Characterization of hardwood forest canopies in the
eastern United States’, 2/5¢ Conference on Agriculture and Forest Meteorology, March 7-11,

1994, 130-133.
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Boundary Layer Resistance (BR)

Algorithm

Following Goudriaan (1977), the boundary layer resistance (rp: s m™) of the foliage at each grid box may

be estimated as

0.5x 18 x10? di (BR.1)
r,=05x18x X .

b M?

where dl is the characteristic width of leaves, and M = vu’ + v* is the mean wind speed.

Program

The function boundary layer resistance is named as
BL_RESISTANCE(u,v)

where u and v represent the two components of the wind velocity.

Reference

Goudriaan, 1977: Crop Micrometeorology: A Simulation Study, 249 pp.
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Stomatal Resistance (SR)

Algorithm

As has been discussed by Norman (1979), the stomatal resistance (rg) strongly depends on the irradiance

on the leaves and the bio-physical conditions of the leaves. It may be expressed as

r,= HR) (0] f5(wi) (SR.1)

where f,, f,, and f; are functional representations, Ry is the visible (or photosynthetically active) radiation

the leaves received, yjy is the leaf water potential. Norman (1979) suggests that the three functions be

*
* rs
r.\‘,min Rv ( - + Rv
rs,min

given as

£(R,)= 5 ; : (SR.2)
§,min * rs
; Rv( —]+R‘, +R,
T cuticle rs,min
I gc - 90 min i
l+m- 7 ’ for 6, > 6. .,
£(6.)= = ;U C; = : (SR.3)
1+ . ¢,min c fO 0 < 9 .
" _ec,min - gc,L i P om
1 Vi > !//!():)
(2)
Yiw = Vi
S (V/lw) = W:l) _ Wl(z) !//I(:) > Yy > WI(WZ) (SR4)
Iw Iw
0 Vie < '//I(j)

where the parameters in the three functions are listed in TABLE 1.

TABLEI

Parameter Values and Interpretations in the Three Functions for the Calculation of the Stomatal Resistance.

Symbols Values Interpretation

13




f1(Ry) (equation (SR.2))

7S min 200 sm™ minimum stomatal resistance
R 100 W m? critical visible radiation
.
. 400 sm™! critical stomatal resistance
S
¥ 3000 s m’ cuticular resistance

cuticle

1(6;) (equation (SR.3))

m 5 fitting parameter

¢ min 30°C temperature corresponding to the minimal
pACS)

490, L 15°C lower reference temperature

,u 45°C upper reference temperature

£(wi,) (equation (SR.4))

l//(l) -12 bars upper reference water potential

Iw

‘//(2) -17 bars lower reference water potential
1w

Program

The subroutine is named as
STOMA_RESISTANCE(rs,RV,T¢)
where rs represents the stomatal resistance as the output. The inputs are the visible radiation (RV) and the

canopy temperature (Tc).

Reference

Norman, J. M.: 1979, ‘Modeling the complete crop canopy’, In: Modification of the Aerial Environment of
Crops, ASAE Monograph, 249-311.
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Irradiance (IR)

Algorithms

Following Goudriaan (1977), the net irradiance within each grid box is represented as
Rnet = 6Zv Rv,net + aNIR RNIR,net + RL,net (IRI)

where R, R

nets v,net>

and Ryp.. represent the (total) net, the visible, and the near infrared irradiances,

respectively; and R, represents the net longwave radiation in the grid box; «, and ayy represent the
absorption coefficients of the leaves for the visible and the near infrared wavebands, respectively. The
ultraviolet irradiance is not included in the study for its negligible contribution to the total radiation
(Goudriaan, 1977).

In equation (IR.1), the visible (R, ) and near infrared (Ry ».) irradiances are further categorized into
direct (or beam) and diffuse parts, respectively. The profiles of direct and diffuse irradiances within the

canopy are calculated following exponential extinction relationship
R=R,, exp(— KL) (IR2)

where R represents the direct (beam) or diffuse irradiance of either the visible or the near infrared, R,
represents the incoming radiation at the top of the canopy, K represents the extinction coefficient of the
radiation within the canopy, and L is the cumulative leaf area index defined in equation (LF.1).

The study is designed for a clear sky so that the visible and the near infrared radiation contribute
evenly to the total shortwave radiation, given that the ultraviolet part is neglected.

The partition of the direct and the diffuse radiation at the top of the canopy follows the relationship

0.0837
= ong +03 (IR.3)
fz=1-1, (IR .4)

where fp and fp are the partition coefficients for the diffuse and direct radiation, respectively. Equations
(IR.3) and (IR.4) were obtained by linear regression according to the numerical values given by Goudriaan

(1977). The solar altitude, sing, is given by Bras (1990) as

15




sina = sino sin® + cosd cosdcosy, (IR.5)

where &, @, and y are declination of the sun, local latitude, and the hour angle of the sun, respectively. The

declination of the sun is given as

5o 23457 2
T 180 “%Y 365

(172 - D)}, (IR.6)

where D is the Julian day (1 < D <365 or 366) and §is in radians.

The local hour angle, 0 < w <27, is given as

%(TS +12-AT ) when the sun is east of the observer's longitude,
W= (IR.7)
%(TS -12-AT ) when the sun is west of the observer's longitude,

where Tg is the standard time in the time zone of the observer in hours counted from midnight (0.00-

23.59), AT is the time difference between standard and local longitude in hours given as
i
AT = E(QS -4,), (IR.8)

where i = -1 for west longitude and i = 1 for east longitude, relative to Greenwich, 65 is the standard

meridian (meridian where the observer’s time zone is centered), and 67, is the longitude of the observer
meridian.

In equation (IR.2), the extinction coefficient for the direct (beam) radiation is given as

_0@-0-0)"

K, s (IR.9)
where O(@) is the average projection given as
0(B) = 0, +0877(1-20, )sina (IR.10)
with
0,=05-0633y, -033y; -04<y <06, (IR.11)

16




+ +

9
05-. F(/I)D , (IR.12)

A=7

Z = i%(‘O.lM - i F(4)

6
0366 Y, F(2)

A=l A=4

where O, is an intermediate function, and y7, represents the deviation of the actual leaf angle distribution

from the spherical one. The sign of y7 is the same as that of the last term.

The function F(1) in equation (IR.12) describes the leaf inclination distribution. For this study, it is
assumed that the leaf inclination is isotropic so that F (/1) = 1/ 9 in each leaf angle class. However, it may

be more accurate for the calculation of 7, if the measurement of F(1) is known.
In equation (IR.9), o is defined from the simplification of the leaf reflection (p) and transmission (7)
coefficientsas p =17 =050
The extinction coefficient for the diffuse radiation within the canopy is given as
1 9
K, = —Zln(nzzl: Bu(ﬂ")exp{— Kb(ﬁ")L}) , (IR.13)
where B () denotes the distribution of the diffuse light over the inclination class /3, under the assumption

that the sky has a uniform radiance,

B, (ﬂ") =— l{cos[flﬁ} - cos{@]} forn=12,---,9. (IR.14)

2 9 9

The inclination of the diffuse light is given as

_*
"7 180

{10(n-1)+5} forn=12,--9. (IR.15)
The extinction coefficient K in equation (IR.13) is given by equation (IR.9) except that the solar
inclination angle « is now replaced by the angle of the diffuse light of the nine inclination classes 8, (n =
,2,...,9).
For the calculation of longwave radiation, it is assumed that the canopy as a whole exchanges energy
first with the clear sky and then redistribute the gain/loss of the energy within the canopy according to

exponential extinction relationship. Mathematically, the exchange of longwave radiation between the sky

and the canopy is written as

17




_ 4
B, = ¢,,00,

iy — £.00, (IR.16)

where &,, and &, are the emissivities of the sky and the canopy, respectively, o is the Stefan-Boltzmann

constant which has the value 5.67 x 10 W m™, 6,, is the apparent potential temperature of the sky,

ky

and 8, is the average temperature of the canopy.

According to Idso (1981),
£, = 0704595107 - exp(1500/6,, ) (IR.17)

where 6, is the potential air temperature in Kelvin at 2 m height above the canopy. (From the test run of
the study, equation (IR.17) may be subject to adjustment in accordance with seasons and locations).

The redistribution of the longwave exchange within the canopy may be estimated as

R, = B, exp(- K, L), (IR.18)
where K] is the extinction coefficient which has the value 0.81 for the longwave radiation within the
canopy (Goudriaan, 1977).

Overall, the net irradiance within ith grid box in the canopy is calculated by equation (IR.1). The net

irradiance R, ., R ne- ad Ry, Within each grid box are calculated as

R =Rejop — Ry ((=1357), (IR.20)

et
where x represents different wave bands (v: visible; NIR: near infared; L: longwave). The irradiance Ry j.»
has been prescribed by equation (IR.2) for the visible and near infrared wavebands of direct and diffuse
radiation and equation (IR.18) for the longwave radiation. The half grid number indicates that the radiation
is computed at even number of heights (0, 2, 4, 6, 8 m) which are presumably the boundaries of the grid
boxes.

The total radiation reaching at the top of the canopy may be evaluated by theoretical formula or by the
observation as the input. It is summarized by Bras (1990) that the clear sky shortwave radiation, I, after

accounting for atmospheric effects, as

w,
I = —rTO(sin Q) exp(— nalm) , (IR.21)

18




where W, is the solar constant (= 1353 W m™), r is the ratio of actual earth-sun distance to mean earth-sun

distance, given by

~10+0017 [35(186 D)] R22
r=1 ] cos 365 , (IR.22)

n is a turbidity factor (= 2 for clear mountain air), a, is the molecular scattering coefficient defined as
a, = 0.128 - 0.0541og,, m, (IR.23)

and m is the effective thickness of the atmosphere (or called optical air mass) estimated as

m= [sina +0.15(cr +3.885 (IR.24)

-1.253 ]—1

Program

The subroutine to calculate the total net irradiance (equation (IR.1)) is
NET_RAD(RN,RV,Ta,Tm,e,j)
where RN is the total net irradiance, RV is the net visible irradiance which is for the calculation of the
stomatal resistance (see equation (SR.2)) and subroutine STOMA_RESISTANCE), Ta is the potential air
temperature at 2 m above the canopy, Tm is the average canopy temperature, and e is the vapor pressure,
and j is the index of the grid box.
The subroutine to calculate the diffuse irradiance (equation (IR.2)) is
DIFFUSE(RD,RD_IN,rhotau,j)
where RD is the net output diffuse (visible or near infrared) radiation, RD_IN is the input diffuse (visible
or near infrared) radiation at the top of the canopy, rhotau is the summation of the reflection and
transmission coefficients, and j is the grid box index.
The subroutine to calculate the net direct irradiance (equation (IR.2)) is
DIRECT(RB,RB_IN,sina,rhotau,j)
where RB is the net output direct (visible or near infrared) radiation, RB_IN is the input diffuse (visible or
near infrared) radiation at the top of the canopy, and sina is the solar altitude.

The longwave radiation (equation (IR.18)) is calculated by the subroutine

19




LONGWAVE(RL,Ta,Tm,e,j)
where RL is the net output longwave radiation. The rest variables were explained above.
The extinction coefficient for the diffuse radiation (equation (IR.13)) is given in the subroutine
EXTINCTD(Kd,rhotau)
where Kd is the output extinction coefficient for the diffuse radiation.
The extinction coefficient for the direct radiation (equation (IR.9)) is calculated by the subroutine
EXTINCTB(Kf,sina,rhotau)
where Kf is the output extinction coefficient for the direct radiation.
The distribution of the diffuse light over the nine inclination class (equation (IR.14)) is given in the
subroutine
DIS_TBL(Bu,i)
where Bu is the distribution function.
The solar radiation at the top of the canopy (equation (IR.21)) and the partition of the direct and
diffuse of both visible and near infrared radiation are given in the subroutine

SOLAR_RADRD_V,RD_NIR,RB_V,RB_NIR,sina)
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Canopy Temperature (CT)
Algorithm

Non-steady State

According to Jones (1992), the leaf temperature within each grid box at non-steady state is written as

df, R, -SH-LH o
a  pC,l (D

pctc

where T is the canopy temperature, ¢ is the time, SH is the sensible heat, LH is the latent heat, p¢ and Cp ¢
are the density and specific heat capacity, respectively, of leaf tissue. /. is the thickness of a flat leaf (d/4
for a cylinder or d/6 for a sphere, where d is the diameter), and Az is the spatial interval in the vertical
direction.

The sensible heat, SH, is given by Norman (1979) and Jones (1992) as

H = %(9 -4,), (CT2)

)
where pg and Cp 4 are the density and specific heat, respectively, of the air. The factor of two corresponds

to the two sides of the leaves.

The latent heat, LH, is given as

_ 2alzedp, _
LH= P ar) [e.(6.) (0 )] (CT3)

where ¢ is the ratio of the molecular weights of water vapor and dry air ( = 0.622), 4 is the latent heat of
evaporation (=245x10° Jkg™), P is the surface atmospheric pressure (= 10° Pa), e(6,) is the
saturation vapor pressure at the canopy temperature ., and e is the in situ vapor pressure.

Given the specific humidity of the air ¢ and the surface atmospheric pressure P, the vapor pressure in

equation (CT.3) is calculated as

P

0627

(CT.5)
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The saturation vapor pressure, es(6,), is given as

17.67(6, —273.15)
es(@):611><exp 0 2066 . (CT.6)

Program

The main subroutine to calculate the canopy temperature (equation3 (CT.1-3)) is named as
CANOPY_TMP(thetac, SH, LH, thetav, RN, u, v, q, tmp_a, fIx_Rs, abs_Rs,
TMP_RL, TMP_RV, M, Mh)
where SH is the sensible heat, LH represents the latent heat, thetav represents the air temperature, RN is
the net irradiance, u and v are the velocity components of winds, q represents the specific humidity, tmp_a
is the output of the leaf area density, flx_Rs is the output of the shortwave radiation flux, abs_Rs is the
output of the absorption of the shortwave radiation, TMP_RL is the longwave radiation, TMP_RYV is the
visible irradiance, M is the total number of grid boxes, and Mh is the number of grid box within the
canopy.
Equation (CT.4) is coded in the subroutine
SV_TMP_SLP(delta,es,thetav)
where delta stands for the slope (S) of saturation vapor pressure vs. temperature, es is the saturation vapor
pressure, and thetay is the air temperature at a specified grid box.
The vapor pressure (equation (CT.5)) is coded in the subroutine
VAPOR_PRE(e,q)
where e is the output vapor pressure and q is the specific humidity.
The saturation vapor pressure (equation (CT.6)) is coded in the subroutine

SAT VAPOR_PRE(es,thetav)
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The Governing Equations for the Air (GE)
Algorithm

Under the assumption of horizontal homogeneity, the governing equations of momentum, heat, and
moisture of the air, after volumetric and temporal averaging, are given as (Wilson and Shaw, 1977;

Raupach and Shaw, 1982; Raupach et al., 1985; Gro, 1993; Kaimal and Finnigan, 1994)

e
R
a<§,> s ﬂ((v; 7)) 53
Aa)__wn dlve)) GE4)

where u and v are the two horizontal components of winds, 8, and g are the potential temperature and the

specific humidity, respectively, of the air, u, and v are the two geostrophic wind components representin
P p y g g g P P P g

the mean horizontal pressure gradients, M is the mean wind speed (= V(ﬁ)z + <\7 >2 ), Cp is the drag

coefficient of the canopy, and f is the Coriolis parameter (= 10* s ). The definitions of the rest of the
variables can be referred to the section “Canopy Temperature”. In the above equations, the brackets and
the overbars indicate the volumetric and the temporal means, respectively.

In momentum equations (GE.1,2), the first terms on the right-hand sides represent the deviation of the
flows from the mean geostrophic winds. It may be neglected within the roughness sublayer, since both
Coriolis effect and mean pressure gradient are several orders smaller than the rest of the terms for the
microscale systems. The mean geostrophic winds were defined using the mean horizontal pressure

gradients (Stull, 1994):

= (GE.5)

24




Notice that LH and SH in equation (GE.3) are just the counterparts in the governing equation for the
canopy temperature. This implies that the loss/gain of energy on the foliage due to latent or sensible heat
serves as the source/sink to the surrounding air within the canopy.

The last term of equations (GE.1-4) represents the net transport of the quantity by the turbulence. This
term is parameterized using Stull’s transilient turbulence theory , as discussed in the section

“Parameterization of Turbulent Transport”.

By leaving out the turbulent transport terms for separate consideration, the discretization of equations

(GE.1-4) is written in a generic form as

(£7(t+a0) = (£(0) + A, (GE.6)
where £ represents any passive tracer or quantity (x, v, 6, or g), F, represents the external forcings as
. 1@)-,)]- %C,)aM(ﬁ ) foré=u
_f[<ﬁ)—<17g>]——;-CDaM(\7> for E=v

F, =< LH+SH : (GE.7)
I for £= 6
pan,aAZ
LH for &=
| PaAAZ reTd

The asterisk in equation (GE.6) represents the intermediate step in the numerical integration.

Program

The subroutines for the intermediate integration of momentum, heat, and moisture equation (GE.6),
respectively, are named as
FORCE_VEL(u,v,ug,vg,M)
FORCE_TMP(u, v, thetav, thetac, q, SH, LH, RN, tmp_a, fIx_Rs,
abs_Rs, TMP_RL, TMP_RV, M, Mh)
FORCE_HMD(q,L.LH,M,Mh)
where u and v represent the two components of winds, ug and vg represent the two components of

geostrophic winds, M represents the total number of grid boxes, thetav and thetac represent the
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temperatures of air and leaves, respectively, q represents the specific heat of air, LH and SH represent the
latent and sensible heat, respectively, RN and RV represent the net and visible irradiance within each grid

box, and Mh represents the number of grid boxes within the canopy.
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Parameterization of Turbulent Transport (TT)
Algorithm

The translient turbulence theory (TTT) (Stull, 1984, 1985, 1986, 1990, 1993; Stuil and Hasegawa, 1984;
Stull and Driedonks, 1987) was applied to the parameterization of the turbulent transport terms in
equations (GE.1-4).

Using index i and j represent the index of grid box, TTT suggests that the turbulence mechanisms
respond to the instability voluntarily by mixing the corresponding quantities between grid box j and any
other grid box i during the same time interval A¢. If ¢;; represents the fraction of air in box / that came from
Jj during time interval At, then the new concentration at box / after the mixing can be calculated by the

summation of the mixing from over all » grid boxes in the column, which is
E@+A)=Y ¢, (t,A)E" (¢ +Ar) (TT.1)
Jj=1

which tells us that when air is mixed into box / from box j, the air carries with it an amount of ¢; (t s At)

of the tracer with concentration &, which can be recognized as an 7 X # matrix of mixing coefficient
and is called a transilient matrix.. The diagonal elements of the matrix, C; (l‘ LA ), represents the fraction

. . . . . _* . . . .
of air that remains in box i. Since ij may be seen as an 1 x 1 matrix, equation (TT.1) prescribes simple

matrix multiplication.
As suggested by Stull and Driedonks (1987) followed by other researchers (Chrobok et al., 1992;
Cuxart and Soler, 1994), the following parameterization for the exchange of matrix c;; was incorporated

into the model

mY, [|Y]  fori=;j
¢;=\1-Dc, fori=j (TT2)
=1

J#t

with the constraints:

27




n n ml
D, =1, e =1 (TT.3)

for the conservation of air mass and state, where Yj; is called the mixing potential, and m; and m; represent
the air mass in ith and jth grid boxes, respectively. With the presence of the canopy, the mixing potential
may be modified (Stull, 1993) as

Jj-1

Y, =Y ] (1 —yk) (TT.4)

for j>i,If j<i, then the product will be from k =j to k=i—1, where y is defined as the
interference coefficient that varies between 1.0 for total interference by plants, to 0.0 for no interference of

vertical eddy motions, and ¥,

,j' has the same definition as Yj; (see equation (TT.8) below). The interference

coefficient may be associated with the cumulative leaf area index as

Lk+1/2 - Lk—1/2
TeETTIAL (I
The evaluation of Yj; was done following Stull and Driedonks (1987) using nonlocal form of TKE
equation, except that the TKE equation was defined in the roughness sublayer. According to Raupach et al.

(1986), the TKE equation is given as

—=-u'w—-v'w +=w

0 Ao
ZE "Z w% g '—%F—)—-;—CDa(ﬁ3+173)—s (TT.6)

The nonlocal analogous expression may be written as

L (TN AN ST A i 2CE)
0

N . s s (TT.7)
1 A(——w'E) (_E)CD 'J(”u +v,j) )
+ -—L At
Az, E ) Eij p
i
where E,j, c_l,.j, L_t,j, and \7,] are the mean potential temperature, leaf area density, latitudinal and

longitudinal velocity components between layers 7 and j, respectively.
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The mixing potential is then prescribed as

T,A t , glaz),
(AZ)U (M), +(Av), - R§ ——="=(A0), [( u),(Au), | +(Av), U]+ Coa, M, T,
Y, = DAt o
- for i #j
T,
max(¥,,,.7,,,,)+ Y. fori=j
(TT.8)

and “H denotes the maximum norm such as

Il = m,aX(Z Y,j : (TT.9)
i a

In the above formulations, T, represents a time scale of turbulence, R. is analogous to a critical
Richardson number above which turbulent mixing is zero (¥j; = 0), D is a dimensionless factor that scales

the dissipation, Yyefis a reference mixing potential that accounts for the internal mixing within a grid box,
and M i = Z7,f + 17; is the mean wind speed between ith and jth box..

Under the circumstance when i = j, Y, may be interpreted as the subgrid (internal) mixing potential

n

for eddies smaller than the size of one grid box. As explained by Stull (1984) and Stull and Driedonks

(1987), Y. ought to be made larger than any other element in the (¥) matrix and the values of Yy elements

i
increase monotonically from the value of the upper right-most element in the (¥) matrix toward the values

on the main diagonal, i.e., ¥; > Y, in order to avoid the situation of convective overturn. As the first

trial, values of R, = 0.21, D = 1, Y, = 1000, 7, = 1000 from the literature were used, although the
parameters in the transilient matrix have to be determined accordingly by the sensitivity study.

In equation (TT.4), two terms associated with the presence of the canopy are turbulent transport,
Av'E) 1 ,
7 , and the wake production, —2—C Da(ﬁ 4y ) . The turbulent transport term acts as a significant
sink for turbulent kinetic energy at the top of the canopy and up to about z=2H, and source in the

canopy (Kaimal and Finnigan, 1994; Leclerc ef al., 1990; Meyers and Baldocchi, 1991), where both shear

29




and shear production have fallen to insignificantly low values. This term represents the non-local
influences of TKE and is important in maintaining turbulent kinetic energy levels in the canopy. It also
associates with the large values of skewness observed in the lower canopy. The wake production term is
the representation of the drag by the canopy which converts mean kinetic energy to turbulent energy. It
accounts for the local variations in shear stress doing work against local variations in mean strain rates. As
has been discussed by Kaimal and Finnigan (1994), this term reaches its maximum in the upper canopy and
disappears above the canopy and toward the ground surface.

The fluxes of variable £ is given following Stull (1994) as

wek)=w &k - 1)4%)2%(5; —EJ) (TT.10)

Program

The subroutine to calculate the mixing potential (equations (TT.6,7)) are named as
MIXING_POT(Y,u,v,thetav,M)
where Y represents the mixing potential as the output, the rest of the variables are the same as in the
section of “The Governing Equations for the Air”.
The subroutine for the transilient matrix is named as
TranMTRX(c,Y,M)
where ¢ is the transilient matrix as the output, Y and M are the inputs.
The mixing processes (equation (TT.1)) were achieved using subroutine
TT_MIXING(&,temp,e,M)
where & represents any variable (u, v, q, or q), and temp is a temporary variable which has the same
dimension as £.
The fluxes (equation (TT.8)) were calculated using subroutine
FLUXES(&,wé,c,M)

where w¢ represents the output vertical fluxes of the variable &
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